Thermal degradation of vegetable-tanned leather fiber (VLF) was investigated by thermogravimetric analysis aiming to know the exact kinetics and degradation mechanism. The thermogravimetric (TG) and differential thermogravimetric (DTG) curves showed that decomposition of the VLF occurs mainly in the range of 150-600°C, and the latter exhibits asymmetrical peak with a pronounced shoulder. The decomposition process was first analyzed by deconvolution of the experimental DTG curves, followed by reconstruction of the weight loss profiles of two individual processes. Several common isoconversional approaches were applied to calculate the activation energy over a wide range of conversion for the sample, including modified Kissinger-Akahira-Sunose (MKAS), Friedman, and Flynn-Wall-Ozawa. The average activation energy of vegetable-tanned leather fiber was found to be 241.9 kJ mol − 1 by MKAS method. The activation energy values obtained for the pseudocomponents representing highly-crosslinked and low-crosslinked collagen in VLF were given as 190.6 and 124.8 kJ mol − 1 , respectively. Generalized master plots results suggested that the reaction mechanism for highly-crosslinked collagen follows the random nucleation and growth process at conversion values lower than 0.5. When the conversion is higher than 0.5, the mechanism tends to random scission model. For low-crosslinked collagen, the degradation is mainly governed by random nucleation and nuclei growth. The gaseous products of VLF thermal degradation were analyzed with an online-coupled TG-Fourier transform infrared spectroscopy system.
studied the production of composites from leather wastes through a solution mixing technique [10] [11] [12] . They utilized water-soluble or water-dispersible polymers as the matrix to bind leather fibers. Besides, some studies have been conducted to fabricate leather fiber-filled composites with thermoplastic matrix through modern polymer processing methods, such as calendering, extrusion, and injection molding, etc. [13] [14] [15] [16] . Unlike solution mixing technique, these polymer processing operations are usually performed at high temperatures to obtain viscous polymer melts. El-Sabbagh et al. fabricated leather waste/ acrylonitrile butadiene rubber composites in an electrically heated auto-controlled hydraulic pressure at 162°C [13] . Ramaraj investigated the production of acrylonitrilebutadiene-styrene/leather fiber composites by extrusion with temperature profile of 175-215°C [14] . Mohamed et al. prepared nylon 6/leather wastes composites in a Brabender apparatus at 230°C [15] . Ambrósio et al. blended leather fibers with poly (vinylbutyral) at the temperature profile of 155-175°C and 180°C in the extrusion barrel and head, respectively [16] .
The major component of tannery solid waste is collagen, which tends to denature and then degrade at high temperatures. Therefore, the thermal stability of leather fiber is a very important parameter in the production of leather fiber-reinforced and/or filled composites. The thermal degradation of leather fiber may provide undesirable properties to the composites. In order to develop polymer composites system based on leather fibers with good properties, it is essential to acquire deep knowledge about the thermal degradation behaviors and kinetics of leather fibers. However, the thermal degradation behaviors, kinetics and mechanisms of leather fibers have not been extensively studied. To some extent, it may be due to the complexity of leather samples and the fact that there are many factors involved in the thermal degradation. Roduit and co-workers discussed the thermal stability and kinetics of parchment by using thermal analysis-mass spectrometry technique [17] . Caballero et al. studied the thermal decomposition kinetics of chrome-tanned leather by employing thermogravimetric/differential thermogravimetric (TG/DTG) analysis in different atmospheres [18] . In addition, pyrolysis of leather wastes has been studied in order to get useful materials. This process was carried out in an inert gas (nitrogen or helium) by heating the samples at high temperatures. Yilmaz et al. reported a pyrolysis approach (450 and 600°C) for the preparation of useful absorbent materials from shavings and buffing dust [19] . Using waste crust as precursors, hierarchical porous carbons were obtained by pre-carbonization and KOH chemical activation of the waste at high temperatures (up to 900°C) [20] . In addition to the traditional heating, microwave heating method has been utilized to prepare activated carbon materials from leather waste [21] .
In the present paper, thermal degradation behavior of vegetable-tanned leather fiber was studied using thermogravimetric analysis (TGA). TGA is very useful in determining the reaction kinetics as well as the mechanisms of thermal degradation processes. The objectives of this work were to obtain the kinetic parameters and mechanism of thermal degradation using isoconversional and generalized master plots methods, respectively. Considering the complexity, the kinetic analysis was first performed by deconvolution of the experimental DTG curves, followed by reconstruction of the TG profiles of individual processes. Up to now, very few study has been reported on thermal degradation kinetics of leather samples by using the deconvolution and generalized master plot methods.
Theoretical background

Kinetic methods
In dynamic studies, kinetic parameters can be obtained by different approaches. Generally, the apparent solidstate reaction rate is expressed as [22] :
where α is conversion; k(T) is the rate constant; f(α) is the mechanism model; T is the absolute temperature, K; E is the apparent activation energy, kJ mol − 1 ; A is the pre-exponential factor of Arrhenius, s − 1 ; and R is the universal gas constant, 8.314 J mol − 1 K − 1 . In a linear non-isothermal TGA experiment, by introducing the heating rate β (β = dT/dt), the kinetic reaction rate of a single-step kinetic process becomes [22] :
If a process involves two parallel sub-reactions, the overall transformation process is expressed as:
where α 1 and α 2 are the two specific conversions, associated with the two individual sub-reactions or steps [22] .
Iso-conversional method
In the kinetic study on the thermal degradation, it is commonly known that iso-conversional methods are very useful research tools for calculating apparent activation energy [22] . The following frequently-used isoconversional methods were applied in this work [23] :
Modified Kissinger-Akahira-Sunose (MKAS) method.
In
Flynn-Wall-Ozawa (FWO) method.
Friedman (FR) method.
In Eqs. (4)- (6), the subscript α refers to the corresponding parameters or data points at certain conversion.
Generalized master plots method
By introducing a parameter of generalized time (θ), the generalized master plots method can be established to estimate the kinetic mechanism of the thermal degradation process [24] . According to the definition, the generalized time is expressed as:
Differentiating Eq. (7) with respect to t, followed by combining with Eq. (1), the reduced generalized reaction rate can be expressed as:
The dα/dθ denotes the reaction rate extrapolated at infinite T. Using α = 0.5 as reference point leads to the form of:
Eq. (9) shows that the expression on the left-hand side of the equation would be identical to f(α)/f(0.5) for a given α when the proper f(α) is considered [25] . In addition, the following equation can be derived from Eqs. (1) and (7):
As a result, the following equation can be obtained:
where T 0.5 is the temperature when α = 0.5. For a singlestep process, the most probable kinetic mechanism (or model) can be estimated by comparing the experimental and theoretical master plots [22] . The commonly used kinetic models and functions for solid-state reactions are shown in Additional file 1: Table S1 [22, 25, 26] .
Experimental
Materials
The vegetable-tanned leather fiber (VLF) used in this study was obtained by grinding method. The raw sample was a dried bovine splitting from a vegetable tannery (Wickett & Craig, PA, USA), which has been tanned with vegetable tannins. Untanned hide powder was prepared from bovine hides de-haired and limed as described in an earlier report [27] . The leather/hide samples were washed three times with distilled water and vacuum-dried for 24 h at 30°C. Dried hide and leather pieces were cut into approximately 2.5 to 5.5 cm 2 pieces and then grounded in a Wiley Mill using 2-mm screen. After the pieces were ground up, the fibers were collected and stored in sealed plastic bags before analysis. The digital photo and SEM image of the obtained fibers are shown in Additional file 1: Figure S1 .
Thermogravimetric analysis
Thermogravimetric tests of the hide/leather fiber samples were carried out in a Q500 thermogravimetric analyzer (TA Instruments, USA). The purge N 2 flow rates were 40 and 60 mL min − 1 in the balance and sample, respectively. Approximately 6-8 mg of fiber sample was weighed and placed in the platinum crucible. The temperature increased from room temperature up to 800°C at five different heating rates (2, 5, 10, 20 and 40°C min − 1 ). The TG-Fourier transform infrared spectroscopy (TG-FTIR) experiments were conducted on a coupling device of model STA 449F3 Jupiter TGA analyzer (Netzsch, Germany) and FTIR spectrophotometer TENSOR-II model (Bruker, Germany). The experimental conditions were as follows: 10 mg sample; temperature range from 40 to 900°C; heating rate 10°C min 
Results and discussion
The overall TG/DTG curves
The overall TG/DTG curves for VLF at different heating rates are presented in Fig. 1 . Three regions appeared in the temperature range from room temperature to 800°C, corresponding to water-removal, main decomposition (active pyrolysis) and passive pyrolysis, respectively. The observed mass loss (region 1) from room temperature to 150°C can be attributed to the evaporation of absorbed and bound water in the VLF. The main step of mass loss from 150 to 600°C (region 2) is assigned to the decomposition of the collagen. It was reported that the gas released from leather sample by pyrolysis under N 2 atmosphere included H 2 , CH 4 , CO, CO 2 , C 2 H 4 , C 2 H 6 , SO 2 , NH 3 , toluene and other hydrocarbons [28] [29] [30] . The TG curve in Fig. 1(a) and showed that the main decomposition, also referred to as active pyrolysis, begins at about 150-200°C regardless of the heating rate, followed by a rapid mass loss process from 200 to 600°C. It is known that DTG curve is effective in distinguishing subtle changes in the slope of the TG curve. As can be observed in Fig. 1(b) , the differential mass loss versus temperature profile exhibited an asymmetric curve in the second region, which has a sharp main peak accompanied by a high-temperature shoulder at about 400°C. The shoulder peak provided significant hints on the complexity of the thermal decomposition of the leather fiber. Bañón et al. similarly reported the emergence of shoulder peak in the DTG curve of chrome tanned leather [30] . Marcilla et al. evaluated the effect of tanning process on pyrolysis of tannery wastes and a shoulder peak could be clearly seen on the DTG curves of leathers tanned with different tanning agents [28] . Gil et al. also observed a distinct peak at temperature range 430-480°C [29] , while Caballero et al. did not find any more peaks except for the dehydration and main decomposition peaks [18] . This disparity may be due to the differences in leather samples and experimental conditions used by the researchers. With further increase in temperature, a long tail was observed at high temperature range (600-800°C) and manifest extremely low mass loss rate, which can be ascribed to the continuous pyrolysis of very stable residues. This region (region 3) is referred as passive pyrolysis region because the mass loss rate is very much lower compared to that in region 2.
Kinetic analysis 4.2.1 Isoconversional method
Because the second region (region 2) is the main stage in degradation process of VLF, only the mass loss between 150 and 600°C was discussed in the following kinetic analysis. The main advantage of model-free isoconversional methods is that the kinetic parameters can be calculated before the establishment of exact reaction model. Further more, it has been concluded that isoconversional methods can be applied to both the single-step and multi-step processes [22] . In the present work, the TG results were elaborated according to MKAS, FWO and FR methods to calculate the E as a function of α. Before calculation, the experimental conversions (α) in region 2 were normalized to vary from 0 to 1 in order to emphasize the thermal decomposition process by eliminating the influence of water evaporation. According to Eqs. (4), (5) and (6), firstly, ln(β/T 1.92 ), ln(β), and ln(dα/dt) were linearly plotted against the reciprocal of temperature (1/T). Then, the activation energy values can be obtained from the slopes of the fitted lines at various characteristic conversions and the results are shown in Fig. 2(a) . In order to reveal the dependency of E α vs. α. in view of the fact that the E α dependence plays an important role in uncovering the multi-step kinetics and mechanisms, The α range of 0.05 to 0.9 with a step size of 0.05 was used in the present work [22] . It was found that the resulting correlation coefficients R 2 of the linear regressions are in the range between 0.972 and 0.998, suggesting that the obtained E α values are accurate and reliable.
It can be observed from Fig. 2(a) that the E values estimated by MKAS, FWO and FR methods show distinct dependence on the conversion, indicating that the VLF thermal degradation is unlikely to be dominated by a single-step mechanism [22] . The average value of activation energy (E 0 ) calculated by MKAS approach is 241.9 kJ mol 30% to their average value, the thermal decomposition process can be considered to be a single reaction mechanism. Otherwise, the process should be supposed to be multi-step mechanism [22] . Figure 2 (b) presents the relationship between the absolute deviation (ε E = |E α -E 0 | × 100/E 0 , %) of E α vs. E 0 and α. As can be seen, the ε E values are remarkably higher than 30% at α > 0.85. This deviation may be due to the secondary reaction between gaseous products and pyrolyzed char. This reaction was also believed to be responsible for the long tail of the DTG curves at high temperature and had been frequently found in heterogeneous reaction systems [26] [27] [28] . Additionally, another influencing factor affecting the variation of E beyond the range of 0.1 < α < 0.9 could be the minor inaccuracies in the baseline determination [22] .
Deconvolution method
For a complicated pyrolysis process, it is supposed that several apparent sub-reactions and mechanisms may be involved depending on the temperature [31] . As a consequence, the shape and slope of the TG curves at different stages will change. Accordingly, the DTG profiles may have asymmetrical peaks with more or less pronounced shoulders, or even separated multiple peaks [32] . In this case, the E value estimated by isoconversional method actually reflects the contributions of several subreactions to the overall reaction rate. In the present study, even though the absolute deviation generated by E α variation to E 0 is smaller than 30% in most of the conversions (see Fig. 2(b) ), the pronounced shoulder peak observed at high temperatures can not be ignored. In a broad sense, E represents the energy barrier for certain reaction to break through. A comparison of the average value of E α estimated by MKAS method in the conversion range of 0.05-0.60 and 0.60-0.85 indicated that it increases significantly from 236.7 to 289.3 kJ mol
. This suggests that there might be a multi-step reaction during the thermal decomposition of VLF. The single-step model is not suitable for describing the kinetics of the complex decomposition process in a wide range of conversions.
To better understand the mechanisms of thermal degradation of materials with such mass loss patterns, Vyazovkin et al. suggested the use of deconvolution method and analyzed their kinetics individually [22] . Deconvolution provides a way to describe qualitatively and quantitatively the progress of complex reaction. Many researchers performed deconvolution method to study the kinetics of thermal decomposition by thermogravimetry. In the beginning, deconvolution method was applied to the asymmetric experimental DTG curves. Later on, a series of TG curves which represent the individual single-step processes were reconstructed from the deconvoluted DTG data [32] [33] [34] [35] . In this way, Katsikas et al. proposed an improvement of Flynn-Wall method of determining E values to address the complexity of thermal degradation behavior of polymers [32] . After the deconvolution and reconstruction steps, they applied Flynn-Wall method separately to the individual sets of reconstructed TG curves. Moreover, deconvolution method has also been previously used to illustrate the contributions of different components to the global thermal degradation rate. For example, Aboyade et al. [33] studied the thermal degradation kinetics of lignocellulosic pseudocomponents through the deconvolutionreconstruction approach. Shanmugharaj et al. [34] and Roeder et al. [35] investigated the thermal decomposition behaviors of different polymers by various deconvolution methods.
All the DTG curves in Fig. 1(b) in the temperature range 150-600°C were subjected to deconvolution analysis, with the help of a free scientific data analysis software named 
SciDAVis [36]. For materials with overlapped multireactions, it is always a challenge to reasonably locate the peaks related to certain sub-reactions. The experimental DTG curves were fitted with several types of functions, including Gaussian and Lorentzian, and it was found that Lorentzian method provides better fit to both peaks after baselines were deducted. The adjusted R 2 values, which are used for the characterization of the goodness of fit, are 0.997 and 0.995 for Lorentzian and Gaussian regression models, respectively. An example of Lorentzian fit is illustrated in Fig. 3 (heating rate: 20°C min − 1 ), the magnitude of the area of the deconvoluted DTG curves is directly proportional to the amount of VLF degraded by each mechanism. From the figure it can be seen that the two degradation processes appeared in the temperature range 150-600°C are well fitted by Lorentzian function. In the study of thermal denaturation behaviors of collagen at lower temperatures, the multiple nature of collagen has been confirmed by DSC for hide and skin. It was concluded that the distinct sheath-core thermal stability, which is related to unraveling of triple helical structure of collagen, was attributed to uneven fibril crosslinking [37, 38] . Therefore, the two peaks found here can also be assigned to different collagen amount in the fibers. The details of the decomposition kinetics were uncovered by the deconvolution of experimental DTG peak, followed by the calculation of kinetic parameters from reconstructed TG curves of the two collagen groups distinguished by their thermal resistance. Thus, the DTG profile of VLF can be regarded as the overlaps of two pseudocomponents' DTG curves. The decomposition reactions of the pseudocomponents might take place in parallel or in series [39] . The use of the term pseudocomponents indicates that they do not correspond to pure components, they are more like mixtures characterized by different thermal degradation behaviors. It follows from what has been mentioned that each pseudocomponent may contribute to the global mass loss during heat treatment in proportional to their weight percentages. Figure 4 shows the deconvoluted DTG curves for the first (peak 1) and second (peak 2) mass loss processes, respectively. For both sets of the curves, the peaks shift towards higher temperatures in response to increasing the heating rate. This tendency may be ascribed to the heat transferring limitation. When the sample was heated in the crucible, the heat transference depends on the structure and thermal conductivity of the phase of the matrix, hence there always exists a temperature gradient within it. If the heating rate is sufficiently low, the outer surface and the inner core of the sample may keep basically the same temperature within certain time range, and the temperature profile can be assumed constant along the cross-section of the sample. On the contrary, higher heating rate may leads to a marked difference in temperature inside the sample. Generally, the inner part of the sample is colder than surface and it follows that higher temperature is needed for the sample to decompose, thus the DTG curves of VLF exhibit a continuous shift to the right [40, 41] .
Kinetic analysis of pseudocomponents
TG curves depict the relationship between mass loss of certain sample and temperature (or time), while DTG curves are derivatives of TG curves. Therefore, the mass loss profiles can be reconstructed from any DTG curves by calculating the area under them. Figure 5 shows the integrated TG results of the deconvoluted DTG curves in Fig. 4 . Considering the different masses of degraded leather fiber, the areas under the DTG curves were normalized between 0% and 100%. It is believed that the E values calculated by MKAS method are much more accurate than those obtained by FWO method [22] . Thus MKAS method was employed to the reconstructed TG results to estimate separately the E values of the two thermal degradation processes. From the integrated TG curves in Fig. 5 , two sets of regression lines can be obtained according to Eq. (4), as shown in Fig. 6 . Then, the E α for the peak 1 and peak 2 can be calculated from the slopes of these regression lines. The results of these calculations are given in Fig. 7(a) . For comparative purposes, the E values derived from the experimental TG curves are also shown. It should be pointed out that the experimental E values presented here are supposed to be composite or apparent results reflecting the contributions of sub-reaction steps to the overall reaction. Compared to the large variation found in experimental E results, the E values derived from the integrated TG curves are approximately constant over a wide range of conversions for both of the processes. The E 0 values calculated for the first and second process are 190.6 and 124.8 kJ mol − 1 , respectively. It seems particularly interesting that less reactive pseudocomponent decomposes earlier than more reactive pseudocomponent, since the former always has higher E 0 value than the latter. In Fig.  7(b) , the deviations of E α vs. E 0 for each pseudocomponent are basically lower than those generated from the experimental TG data. The average deviations for the experimental data, deconvoluted peak 1 and 2 are 13.9%, 5.7% and 4.6%, respectively.
It is well known that vegetable tanning is slow and tedious, usually requires various steps and several weeks or even months of time [42] . In such a process, the native collagen fibers are crosslinked to yield a heterogeneous, three-dimensional insoluble network. Consequently, the structural components in the leather samples studied here can be roughly divided into two pseudocomponents: highly-crosslinked collagen (HCol) and low-crosslinked collagen (LCol). It is conceivable that the diffusion of tannin molecules into the collagen matrix is an important prerequisite for uniform tanning process. However, vegetable tannins are natural polyphenolic mixtures containing various components with different molecular masses. For example, the molecular weight of chestnut is between 170 and 1890 Da [43] . As a result, the extent of crosslinking of the outer sheath layer of leather fiber might be higher than that of the inner core, due to the concentration and composition gradients of tannins in the fibers. It can be observed from Additional file 1: Figure S1 that VLF is a bundle of collagen fibrils, whose diameter varies from several micrometers to tens of micrometers, while the collagen fibril's diameter varies from several tens of nanometers to over 100 nm. This makes it possible to form a sheath-core structure after tanning with vegetable tannins. When the leather fiber samples are linearly heated, the highly-crosslinked outer layer of the VLF will be decomposed earlier than the low-crosslinked inner one, also due to the temperature gradient. The heat transferring limitations and decomposition products formed on the surface of the leather fiber might be responsible for the delay of the decomposition of LCol. The difference in the activation energy of the two pseudocomponents can also be explained by the structure heterogeneity, since higher E value is generally because of the decomposition of the less reactive component (here refers to the HCol) in leathers. Xu et al. proposed to divide the thermal decomposition process of wet blue of pig leather into three subreactions, relating to the pyrolysis of triglyceride, multi-and single-complexation collagen. In their opinion, the number of the coordination sites on chromium ions could be used 
to distinguish the latter two groups of collagen. In our view, the multi-and single-complexation collagen can be essentially referred to as highly-crosslinked and low-crosslinked collagen fibers, respectively [44] .
Comparison of DTG curves for VLF and untanned hide fibers is shown in Fig. 8 . An almost symmetrical peak can be clearly observed in the DTG curve of untanned hide fiber, with no shoulder peak in a wide temperature range. The DTG curve of untanned hide fiber can be well simulated by a single Lorentz function. The adjusted R 2 value for this Lorentz regression model is greater than 0.99, indicating a good data fitting. The results prove that the composition uniformity is responsible for the difference in DTG curves between VLF and untanned hide fiber. Meanwhile, the comparison of DTG curves reveals that crosslinking has a significant impact on the thermal degradation behavior of leather fiber. In the study of Bañón et al., a shoulder peak in DTG curve was observed too [30] . In the case of Caballero et al., however, no shoulders were found at high temperatures in the DTG curves of tannery waste [18] . It is noteworthy that the dosage of chrome tanning agent used by Caballero et al. was about 5 times higher than that of Bañón et al. This suggested that the crosslinking degree of the leather may be responsible for the difference in DTG curve shapes between these two works. These studies, together with our results, may support our present hypothesis that the emergence of the shoulder peak in DTG curve is related to the uneven crosslinking structure in leather fibers.
Determination of degradation mechanism
Using the predetermined value of E 0 obtained from the isoconversional method, along with the experimental values of temperature and dα/dt, the item dα/dθ can be calculated by using Eq. (11) . Next, the master plots of (dα/dθ)/(dα/dθ) 0.5 against α from experimental TG data can be obtained. Then, a series of reference theoretical master plots showing the dependence of f(α)/f(0.5) on α should be drawn according to the most commonly used kinetic models (Additional file 1: Table S1 ). Finally, suitable kinetic model as well as the mechanism for the solid-state degradation process can be determined by comparing the experimental and theoretical master plots. However, unless no clear shoulder peaks are observed in the DTG curve, or the E α value is basically constant over conversion, it is likely that one single-step model can be applied to the entire process. Otherwise, a multi-step kinetic analysis should be performed separately for each reaction step to determine the individual reaction model [22] . Herein, generalized master plots method was applied to analyze the reconstructed TG data of each pseudocomponent. According to the theory, the generalized master plots depend entirely on the kinetic model that the reaction follows. For this reason, the shapes of the experimental generalized master plots should be similar, irrespective of the heating rate [25] . The theoretical and experimental generalized master plots of the degradation of pseudocomponents HCol and LCol are shown in Fig. 9 . The E 0 values obtained from MKAS method were used in the construction of these master plots. From Fig. 9 , it is evident that the experimental master plots obtained at different heating rates are practically similar in shape. This confirms that the degradation kinetics of each pseudocomponent are independent of the heating profile [25] .
For pseudocomponent HCol, experimental master plots closely match the theoretical master plot using the Avrami-Erofeev model at the α of less than 0.5, as can be observed in Fig. 9(a) . Further analysis of the discrepancies between the experimental and theoretical data shown that A16 is the best kinetic model to describe the thermal degradation of HCol. This implied that the thermal degradation in this conversion range is regulated by nucleation and growth processes. When α > 0.5, the degradation behavior for HCol tends to random scission mechanism (L2). This mechanism was introduced in recent years and was found suitable for describing several polymer degradation reactions [26] . It should be pointed out that the reaction equations given in Additional file 1: Table S1 are valid when ideal geometrical and physical conditions are met. However, in real experiments and systems, these conditions are always difficult to satisfy. The change in reaction mechanism with the conversion has also been found for biomass and polymers in literatures by means of various analysis methods [45, 46] . Figure 9(b) shows the experimental generalized master plots for pseudocomponent LCol. The results clearly illustrated that the shape of these curves more resembles the theoretical generalized master curves corresponding to Avrami-Erofeev eq. (A3 or A4). The deviations in the experimental plots from theoretical curves have been observed frequently [22] [23] [24] [25] [26] 46] , which are mainly due to the presupposed condition differences between the ideal and real processes. Such a determination of the kinetic model is very useful and necessary for further detailed degradation analysis and predictions.
FTIR analysis of gaseous products from the pyrolysis of VLF
A typical FTIR spectra of the evolved gases from the pyrolysis of VLF is shown in Fig. 10 . It can be seen from the 3D plots ( Fig. 10(a) ) that a very strong band corresponding to CO 2 appears at about 250°C and gradually increases up to 900°C. It has been reported that the initial release of CO 2 from collagen is mainly due to the decomposition of free carboxyl groups in glutamic and aspartic acids [47] . With further increase in temperature, CO 2 may be generated through condensation reactions relating to protein carbonyl groups. The FTIR spectra of evolved gaseous products at 295 and 395°C correspond to peak temperature of deconvoluted peak 1 and 2 were chosen to show the difference and the results are shown in Fig. 10(b) . Obviously, the CO 2 bands centered at around 2360 cm − 1 dominate the spectra of VLF both at 295 and 395°C. There are also small absorbance peaks observed in the wavenumber ranges of 3500-4000 cm It is considered that ammonia is stem from the cleavage of free -NH 2 and peptide -NH-groups during thermal decomposition [48] . Previous papers reported that pyrrole is a major product formed during pyrolysis of calf-, cattle-and pig-skin [49, 50] . However, the band of pyrrole couldn't be detected here, likely due to the overlapping of the strong band of CO 2 in this region. There exists little difference between the FTIR spectrum of peak 1 and 2. As shown in Fig. 10(b) , most of the absorbance peaks at 395°C have much enhanced intensity than those at 295°C, which should be reasonable because more volatiles were produced at higher temperature. Interestingly, it should be noticed that the absorbance peak at 2200 cm − 1 (HNCO) was greatly enhanced with the increase in temperature from 295 to 395°C, which could be due to the pyrolysis of lowcrosslinked collagen domains (fiber core) in VLF.
Conclusions
The kinetics and mechanism of thermal degradation of vegetable-tanned leather fiber were investigated by thermogravimetric analysis. MKAS, FWO and Friedman methods were used to investigate the dependence of the activation energy value on conversion. The average activation energy of vegetable-tanned leather fiber was found to be 241.9 kJ mol − 1 by MKAS method. A deconvolution approach was applied to analyze the complex thermal degradation process of VLF. The average activation energy values obtained for the two pseudocomponents representing highly-crosslinked and lowcrosslinked collagen were given as 190.6 and 124.8 kJ mol − 1 , respectively. For highly-crosslinked collagen, generalized master plots results indicated that the reaction mechanism could be described by random nucleation and nuclei growth at α < 0.5. When α > 0.5, the degradation mechanism tends to L2, which corresponds to random scission. In case of the low-crosslinked collagen, the thermal degradation follows the mechanism of random nucleation and nuclei growth over the entire range of α studied. The gaseous products were also measured and analyzed by TG-FTIR system. 
